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Introduction
The canopy regulates  the main ecological 

and  ecophysiological  processes  within  the 
forest ecosystem. As such, the canopy drives 
the future growth of vegetation communities 
(Nadkarni et al. 2011). The description and 
quantification of the canopy is a relevant tar-
get  for  both  understanding  and  modeling 
ecosystem functioning,  for  monitoring  and 
research  programs  and  for  calibrating  re-
motely sensed  vegetation  indexes  (Cescatti 
2007). However, due to the difficulty of di-
rect measurement, indirect methods based on 
gap fraction measurements from ground le-
vel  are  frequently  employed  (Bréda  2003, 
Jonckheere et al. 2004).

Digital hemispherical photography (DHP), 

also  known  as  fisheye  photography,  is  the 
most  widely  used  of  several  photographic 
techniques for canopy description. The me-
thod  measures  the  gap  fraction  at  multiple 
zenith  angles,  thus permitting simultaneous 
determination of several canopy descriptors, 
such as the leaf area index (LAI), light trans-
mittance and foliage clumping using a field 
of view (FOV) of approximately 180° (Eva-
ns  &  Coombe  1959,  Chianucci  &  Cutini 
2012). However, a drawback of hemispheri-
cal photography is the need for tedious and 
time-consuming image processing steps and 
the sensitivity of the results to the image pro-
cessing method (Chianucci  & Cutini  2012, 
Beckschäfer et al. 2013). Despite recent im-
provements  in  the  image  analysis  methods 

(Macfarlane  2011),  accurate  measurements 
of canopy characteristics using DHP still ne-
cessitate tedious and time-consuming analy-
sis  steps;  accordingly,  rapid  and  simplified 
procedures are strongly needed, particularly 
in the case of routine measures and/or large 
image sets.

As an alternative to DHP, Macfarlane et al. 
(2007) proposed a photographic method that 
measures the gap fraction at a single zenith 
angle,  namely,  digital  cover  photography 
(DCP).  The  method  has  many  advantages 
compared  with  DHP.  Images  taken  from a 
single  (vertical)  and  restricted  FOV  have 
better spatial resolution than DHP and, thus, 
are less sensitive to light conditions and ca-
mera exposure; as a consequence, DCP can 
be applied during normal working hours, un-
like DHP.  When used to  estimate the LAI, 
DCP captures detailed vertical canopy gaps, 
which allows the division of the gap fraction 
into  large,  between-crown  gaps  and  small, 
within-crown gaps,  thus correcting the LAI 
for  foliage  clumping  after  the  gap-removal 
process (Chen & Cihlar 1995). In  addition, 
the LAI is less affected by woody vegetation 
at narrow vertical angles than in hemisphe-
rical-sensor based methods (Kucharik et al. 
1998). The greatest disadvantage of DCP for 
estimating the LAI is that  it  requires  addi-
tional assumptions regarding leaf angle dis-
tribution.  DHP  does  not  require  these  as-
sumptions (Chianucci & Cutini 2012).

As an approach to image analysis, DCP is a 
simple, rapid and convenient method and is, 
therefore, potentially highly suitable for the 
routine,  broad-scale  indirect  measurement 
and  monitoring  of  forest  canopy attributes. 
However,  the  image  processing  steps  used 
by default in DCP are not automated, and the 
classification of gap sizes into large gaps and 
small gaps has a substantial subjective com-
ponent.

In  this  study,  we  propose  an  alternative 
procedure to provide a more objective, easily 
implemented classification of gap sizes into 
large gaps and small gaps. The performance 
of  the  two  image  analysis  procedures  was 
also compared in the study. The LAI estima-
tes  obtained  with  the  two  image  analysis 
methods  were  compared  with  independent 
data obtained from litterfall measurements.

Material and methods

Foreground to digital cover  
photography

Cover  photography  is  a  single,  restricted 
view angle method. Macfarlane et al. (2007) 
tested  photographs  of  the  canopy obtained 
by upward-pointing digital  cameras using a 
70 mm equivalent  lens,  FOV approximates 
30°. The resulting vertical image provides a 
measure of canopy cover; the output differs 
from  that  of  hemispherical  image,  which 
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ponent  by  default.  In  this  contribution,  we  propose  an  alternative  simple, 
more objective and easily implemented procedure to perform gap fraction ana-
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provides a measure of canopy closure (or its 
complement, canopy openness = 1 - canopy 
closure;  Jennings  et  al.  1999).  The  diffe-
rences between these two basic canopy mea-
surements are schematized in Fig. 1.

A relevant strength of cover photography, 
compared  with  hemispherical  photography, 
is the method of capturing detailed vertical 
canopy gaps.  The  resulting  high-resolution 
imagery  allows  the  large,  between-crown 
gaps (gL) to be discriminated from total gaps 
(gT). Large gaps are used to derive the com-
plementary  attribute,  namely,  crown  cover 
(fc, eqn. 1), defined as the proportion of the 
forest  floor  covered by the vertical  projec-
tion of the tree crowns.  In  contrast,  foliage 
cover (ff, eqn. 2) is calculated as the comple-
ment of the total  gap fraction (eqn.  1, eqn. 
2):

Crown porosity (ϕ) is then calculated as the 
proportion of gaps within crown envelopes, 
excluding large gaps (eqn. 3):

Once fc, ff and ϕ are determined, the LAI is 
computed based on a modified Beer-Lambert 
law (eqn. 4):

Eqn. 4 applies the Beer-Lambert law only 
within crowns. Therefore, it corrects the LAI 
estimates for clumping effects (Chen & Cih-
lar 1995,  Macfarlane et al. 2007). The LAI 
can  alternatively  be  calculated  considering 
the  total  gap  fraction,  thus  omitting  the 
clumping correction (eqn. 5):

The LAI estimates using eqn. 4 and eqn. 5 
both require the assumption of a zenithal ex-
tinction coefficient (k).

Finally, the zenithal clumping index (Ω0) is 
computed as follows (eqn. 6):

Study sites
The data used in  this study were sourced 

from Chianucci & Cutini (2013); nine 0.5-1 
ha permanent  plots  of dense deciduous  fo-
rests (reference LAI measures ranging from 
3.9 to  7.3 m2 m-2)  were sampled in  central 
Italy.  The  stands  consisted  of  pure,  even-
aged  stands  with  varying  species  composi-
tion (Turkey oak,  Quercus cerris  L.; beech, 
Fagus  sylvatica  L.;  chestnut,  Castanea  
sativa Mill.), age and basal area. Tab. 1 lists 

the principal stand characteristics of the stu-
died stands.

Image collection and analysis of DCP
Cover images were collected as FINE qua-

lity  at  maximum resolution  (3 871 488  pi-
xels) and as JPEG images using a point-and-
shoot digital camera (Coolpix 4500, Nikon, 
Japan). The in-camera fixed lens was set to 
F2  (about  70  mm focal  length  in  35  mm 
equivalent  format),  aperture  priority,  maxi-
mum F-stop (9.6), ISO 100, auto-focus and 
auto-exposure.  The  lens  was  leveled  and 
pointed upwards. For each stand, 15-25 pho-
tographs were taken at a height of 1.5 m on a 
grid of sample points, which were aligned to 
the  litter  traps  grid.  Images  were  collected 

near  10:30  AM,  under  uniform sky condi-
tions. Image analysis was first performed on 
color imagery using GIMP (GNU image ma-
nipulation program – http://www.gimp.org - 
hereafter: subjective procedure). We did not 
use the blue channel of RGB images because 
it should be preferably used to analyze ima-
ges taken under diffuse sky conditions (i.e., 
near dawn or  dusk,  overcast  sky -  Leblanc 
2008). For each image, large between-crown 
gaps of RGB images were visually selected 
using the “Fuzzy” tool (GIMP).  Total gaps 
were  selected  using  the  “select  by  color” 
(GIMP) tool,  which automatically identifies 
gaps  with  color  and  luminance  characteri-
stics similar to those of large gaps.

The alternative procedure tested to perform 
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Fig. 1 - Comparison of canopy closure from fisheye image (A) vs. canopy closure from cover 
images (B).

Tab. 1 – Main characteristics of the studied stands.

Species
Plot Elevation Age Stems Basal area
ID m a.s.l. years n ha-1 m2 ha-1

Q. cerris 1 566 51 4509 30.2
2 568 51 3181 33.2
3 589 51 4198 31.1
4 594 54 402 21.2

F. sylvatica 5 1080 66 108 14.7
6 1100 66 419 34.6
7 1050 66 3324 45.3

C. sativa 8 870 29 580 28.4
9 850 29 447 23.9

f c=1−
gL

image⋅pixel⋅resolution

f f =1−
gT

image⋅pixel⋅resolution

φ=1−
f f

f c

LAICC=− f c
ln (φ )

k

LAI NC=−
ln(1− f f )

k

Ω0=
(1−φ) ln (1− f f )

ln(φ ) f f

http://www.gimp.org/
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gap size analysis (henceforth: assisted) mo-
ved  from  the  consideration  that  total  gap 
fraction was an objective,  easily reproduci-
ble measure, whereas the distinction between 
large  gaps  and  small  gaps  was  noticeably 
operator-dependent. Therefore, we proposed 
an image analysis procedure that objectively 
classified large gaps from the total estimated 
gap fraction. Images were first pre-processed 
by applying a simple transformation to gene-
rate  a  feature  representing  greenness  from 
the three channels  of RGB images; similar 
transformations of digital images were com-
monly experienced in the agricultural litera-
ture (e.g., Liu & Pattey 2010, Woebbecke et 
al. 1995 - eqn. 7):

This transformation provides more uniform 
illuminance  while  enhancing  the  contrast 
between the reflected light intensity of leaves 
and sky elements, allowing an objective dis-
crimination between sky and non-sky pixels. 
For simplicity, woody vegetation is ignored 
due to its low contribution at a narrow ver-
tical angle, and also based on the recognition 
that leaves tend to present themselves to ob-
scure  the  underlying  stems  from  the  sun 
(Kucharik et al. 1998). Each image was then 
divided into nine (3x3) sub-images. We used 
R version 3.0.2 with the EBImage package 
uploaded  to  perform  these  pre-processing 
steps. 

We  used  the  following  functions  of  the 
EBImage  package  (Pau  et  al.  2014)  for  R 
version  3.0.2  (R  Development  Core  Team 
2013):
• readImage: for loading cover images into 

R programming environment;
• channel: for extracting R, G and B chan-

nels from each image;
• + and  –:  for  calculating  Greenness  from 

the  R,  G and  B channels  of  each  image 
(eqn. 7);

• untile: for image sub-divisions.
For  each  sub-image,  the  total  gaps  were 

computed using the “select by color” tool in 
GIMP, and the ratio of total gaps to leaves 
was computed.  We classified large gaps as 
those  having a  gaps-to-leaves ratio  ≥ 0.50; 
this  threshold  was  arbitrarily  set  after  pre-
vious  calibration  with  GIMP.  Finally,  gap 
fraction  data  were  calculated  at  the  image 
level and were used to estimate canopy at-
tributes and the LAI from DCP theory (eqn. 

1 to eqn. 6). To compute the LAI, we used 
extinction coefficients for Turkey oak, beech 
and chestnut of 0.57, 0.46 and 0.47, respec-
tively, as calibrated in a previous study (Chi-
anucci & Cutini 2013).

Direct measurements of LAI
Reference LAI values were directly estima-

ted  using  litter  traps.  Chianucci  &  Cutini 
(2013) describe the procedure and the accu-
racy of the method. In each plot, 9-15 litter 
traps were set  out  on  a  grid  at  1  m above 
ground level with traps spaced 7-20 m apart 
based on the homogeneity and structure  of 
the  stand.  Litterfall  was  collected  every  2 
weeks in fall and winter, with the last collec-
tion timed soon after the last leaf fall. Litter 
was  sorted  into  its  main  components  and 
then  dried  for  at  least  24  h  to  a  constant 
weight  in a fan-forced stove at  85 ± 2 °C. 
This method provides leaf dry mass per unit 
of  ground  area  (g  m-2).  Specific  leaf  area 
(SLA - cm2  g-1)  was estimated from a sub-
sample of approximately 200 leaves for each 
stand, with samples collected at every litter-
fall. The area of unwrinkled and undamaged 
leaves  was  measured  with  a  Li-Cor  3000 
area meter (Licor,  Lincoln,  NE, USA), and 
the dry weight was measured. The resulting 
SLA was corrected using a shrinkage coeffi-
cient (ranging from 2.0 to  6.8%) estimated 
from a sub-sample of green leaves collected 
in the vicinity of the research plots. Finally, 
the  total  dry mass  of  leaves  collected  was 
converted to the LAI by multiplication of the 
dry weight by the corrected SLA.

Statistical analyses
We compared the effect of site (first factor) 

and  image  classification  method  (second 
factor) on estimated canopy attributes (fc,  ff, 
ϕ, LAICC, LAINC, Ω0) using a two-way ANO-
VA.  No  interactions  between  factors  were 
observed; hence, the interaction term was re-

moved  from the  analysis.  The  LAI  values 
calculated from the image analysis methods 
were also compared with reference LAI va-
lues  derived  from  independent  measure-
ments using litter traps (Chianucci & Cutini 
2013). We used an RMA regression analysis 
because  we  were  interested  in  determining 
whether  the  true  slope  of  the  relationship 
was equal to one and if intercept did not dif-
fer from zero (Warton et al. 2006). All ana-
lyses were performed using R version 3.0.2 
(R Development Core Team 2013).

Results
Tab. 2 lists the mean canopy attributes de-

rived from DCP using different image ana-
lysis methods. No differences were observed 
for foliage cover estimates obtained from the 
two  methods,  implying  that  the  total  gap 
fraction was accurately estimated by both the 
methods; as a consequence, LAINC estimates 
did not differ significantly between the two 
methods even though the assisted procedures 
yielded  slightly greater  estimates of both  ff 

and  LAINC.  In  contrast,  the  assisted  proce-
dure  yielded  significantly  greater  foliage 
cover  and,  thus,  larger  crown porosity and 
smaller LAICC (ANOVA, p < 0.05).

The differing performance of the two me-
thods was also apparent from the regressions 
of  the  LAI  from  photography  against  the 
LAI from the litter traps (Tab. 3).

Overall,  the  DCP  method  provided  good 
estimates of the LAI, regardless of the image 
analysis  method  applied,  due  to  the strong 
correlation with the LAI from the litter traps 
(the slopes did not differ from unity, and the 
intercept did not differ from zero). Prior to 
the correction of the LAI for clumping,  the 
two image analysis methods showed similar 
performance; after correction of the LAI for 
clumping, the assisted method outperformed 
the subjective analysis of cover images based 
on its stronger correlation with the LAI from 
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Tab. 2 - Mean and standard error (in brackets) of crown cover (fc), foliage cover (ff), crown porosity (ϕ) and leaf area index either corrected 
(LAICC) or not corrected (LAINC) for clumping, along with the zenithal clumping index (Ω0) obtained from DCP using either assisted or sub-
jective image analyses. Asterisks indicate that the means of the canopy attributes differed between the two image analysis methods (p  < 
0.05).

Method n fc ff ϕ LAICC LAINC Ω0

Assisted 180 0.96 (0.01)* 0.89 (0.01) 0.08 (0.00)* 5.18 (0.11)* 4.73 (0.12) 0.91 (0.02)*
Subjective 180 0.92 (0.01)* 0.87 (0.01) 0.05 (0.01)* 5.61 (0.11)* 4.46 (0.12) 0.79 (0.01)*

Tab. 3 - RMA regression coefficients for leaf area index (LAI) from DCP using two image  
analysis methods (y-axis) and LAI from litter traps (x-axis). The regression model was as fol-
lows: LAIDCP  = a ·LAILITTERTRAPS + b. Coefficients of determination (R2), root mean squared 
errors (RMSE) and probability (p) of the regressions were reported. (*): models in which the 
intercept does not differ from zero and the slope does not differ from 1 (p <0.05).

Method LAI n a b R2 RMSE p
Assisted CC 9 1.21* -0.39* 0.96 0.48 0.01

NC 9 1.20* 0.27* 0.7 0.31 0.01
Subjective CC 9 0.63* 3.08* 0.51 0.6 0.05

NC 9 1.11* 1.06* 0.82 0.39 0.05

Greenness=2G−2 R+B
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litter traps, its slope value closer to unity and 
its intercept value closer to zero than those 
of the subjective method. The poorer results 
obtained  from  the  subjective  classification 
indicated that large gaps were not adequately 
estimated by the operator.

Discussion
We have shown that  both  image analysis 

methods  employed  in  DCP provided  accu-
rate  gap  fraction  measurements  and,  there-
fore, accurate estimates of the LAI. Because 
the stands investigated were characterized by 
a dense canopy, the results were attributed to 
the high image resolution of DCP, which al-
lowed accurate gap fraction retrieval near the 
zenith,  in agreement with a previous report 
(Chianucci & Cutini 2013). This conclusion 

is supported by the similar foliage cover esti-
mates obtained from the two image analysis 
methods; accordingly, foliage cover or total 
gaps can be regarded as objective, operator- 
independent  measures  that  can be used  di-
rectly  to  estimate  LAI,  in  agreement  with 
previous  studies  (Macfarlane  et  al.  2007, 
Chianucci  & Cutini  2013).  In  contrast,  the 
assisted method was found to provide more 
accurate estimates of crown cover and poro-
sity than the subjective method,  due to  the 
superior  correlation  of  the  LAICC with  the 
LAI from the litter traps. The default image 
analysis  involved  the  visual  selection  of 
large between-crown gaps to estimate crown 
cover and porosity; however, a clear distinc-
tion  between  large  and  small  gaps  was  a 
challenging issue in dense canopies, and the 
classification  of  large  gaps  in  such  dense 
stands  depended  largely  on  the  operator’s 
choice (Fig. 2).

In the current study, a comparison of indi-
vidual images suggested that more gaps were 
subjectively classified as large gaps in ima-
ges with very high cover (fc ≥ 0.95), resulting 
in lower estimates of crown cover than in the 
assisted  procedure.  Most  likely,  the  use of 
objective and automated procedures to clas-
sify large gaps based on their area is strongly 
recommended,  particularly  in  the  case  of 
dense forest canopies. We conclude that the 
methodology  proposed  herein  can  greatly 
improve  cover  image  analysis  due  to  its 
simple and robust procedure. This procedure 
can  be  implemented  easily  using  software 
programming languages.
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